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Abstract 
The change in texture of a food bolus during chewing, from first bite to swallow, is dramatic for solid foods and a 
variety of analytical techniques are required to quantify the texture at any given point in the chewing cycle.  The 
objective of the work presented in this paper is to develop mechanical and  rheological tests relevant to a model food, 
allowing the texture of the bolus to be quantified at first bite, and when masticated to the point of swallowing.  This 
paper presents one aspect of the “Food Structure Platform” programme, a multi-disciplinary New Zealand 
programme investigating the influence of structure on the textural attributes of solid foods.  The programme team is 
developing model foods and novel techniques to test their mechanical and rheological properties.   
The first model food developed by the Food Structure Platform is a biscuit with a well defined range of hardness 
within one basic recipe.  This was tested in 3-point bending to determine fracture stress and relate that to texture 
perceived on first bite.  The biscuit samples were also masticated to the point immediately prior to where the subject 
would have normally swallowed then expectorated for rheological testing.  Modified TPA and back extrusion, based 
on a cup and piston test piece, were used to test the rheological properties of the bolus from each of the biscuit 
models. Good correlations were found with fracture stress of the biscuit and sensory hardness for first bite.  At the 
point of swallow the bolus had a consistent cohesiveness and saliva content irrespective of starting texture, whilst the 
hardness and adhesiveness was affected by starting texture/recipe.   
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1.Introduction 
Food breakdown occurs during oral food processing, comminuting solid foods to a semi-solid bolus 
which combines solid particles and saliva [1,2].  Structural and mechanical features of a food dictate its 
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Table 1. Biscuit based model foods 
initial texture whereas the structural and rheological properties of the bolus dictate the texture 
immediately prior to swallowing [2,3,4].  The “Food Structure Platform” is a multi-disciplinary 
programme in New Zealand conducting fundamental research on the influence of structure on the textural 
attributes of solid foods and the change of texture during mastication.  The programme team is developing 
model foods and novel techniques to test the mechanical and rheological properties of the food and the 
bolus.   
As a solid food material is broken down during mastication its textural attributes alter dramatically 
[5,6,7,8].   At some point a decision is made that food is suitable and safe to swallow [9].  The rationale 
for this subconscious decision is still poorly understood despite the importance of texture to the 
enjoyment (and hence selection) of food [10].  Ultimately when the swallowing process is dysfunctional, 
as often happens in the elderly, it can lead to health issues such as dysphagia [11].  By developing 
analysis techniques capable of following a model food from initial bite to the point of swallowing this 
programme is contributing to a fundamental understanding of an essential process. 
This paper presents one aspect of the programme, the development of a biscuit based model food and 
its examination using mechanical testing, for initial texture, and modified TPA and back extrusion tests to 
examine the rheological properties of the bolus at the point of swallow.  The objective of the work 
presented in this paper is to develop mechanical and rheological tests relevant to a model food, allowing 
the texture of the bolus to be quantified at first bite, and when masticated to the point of swallowing.   
An increasing body of work recognises the importance of relevant mechanical properties to the 
perceived textural attributes of solid foods.  Measurements of fracture toughness and fracture stress and 
strain have been reported as suitable instrumental indicators of “crispness” for fruit and vegetables [12].  
Instrumental measurements for hardness are often used as indicators for “crunchiness” [13] and Texture 
Profile Analysis (TPA) is a standard technique for numerous textural attributes [14,15,16].  Correlating 
instrumental measurements with sensory properties is not a trivial exercise, often complicated by a 
mismatch in vocabulary between sensory scientists and instrument operators.  The Food Structure 
Platform addressed this issue early in the programme [17]. 
As a solid food is broken down during chewing (oral processing) it becomes a bolus comprising solid 
particles and saliva.  Measuring the rheological properties of the bolus is challenging and the two main 
techniques being developed are measurements of “squeeze flow” [18,19,20] and “back extrusion” 
[21,22,23,24].  In the current study back extrusion has been used as the aim was to develop a rheological 
testing technique that can be applied to the bolus at numerous points during the chewing cycle, even when 
the particle size is still quite large (at the start of chewing).  Back extrusion offers many advantages as it 
is a relatively simple testing geometry that can be applied to a wide range of both time independent and 
time dependent fluids [23]. 
The results presented in this paper concentrate on the rheological testing of the bolus at the point of 
swallowing.  A fuller description of the mechanical properties of the model food biscuits is presented 
elsewhere [25]. 
 
2.Materials and Methods 
 Development of the first model food system in the Food Structure 
Platform is based on a biscuit structure.  Biscuit recipes were 
developed varying the fat:sugar:starch ratio along an axis between 
biscuits with extremes of texture (shortbread and gingernut) [25].  
Five biscuit types were produced with ratios as shown in Table 1.   
  
Biscuit Sugar/fat ratio 
SP1 0.71 
SP2 1.10 
SP3 1.47 
SP4 1.87 
SP5 2.24 
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Sensory assessment of the biscuits was conducted [25].  This confirmed large differences in 
“hardness” and “crunchiness” between the biscuits with minimal differences in other textural attributes 
(oiliness, crumbliness).   Mechanical properties of the biscuits were assessed using a single edged notched 
beam test (SENB) and a 3-point bend test.  The SENB tests were used to determine fracture toughness 
and the 3-point bend was used to determine fracture stress, strain and elastic modulus.  Full details of the 
relationship between fracture toughness and sensory attributes are presented elsewhere [25].  Biscuit 
samples for 3-point bend testing were all tested at ambient temperature (around 20°C) with a cross head 
speed of 120mm/min.  The sample span was 90mm in each case and the sample thickness was between 
16.16mm and 18.62 mm with sample width between 19.91mm and 20.54mm. 
Back extrusion, using a cup and piston, was used to determine rheological properties of food products 
masticated to the point of swallowing.  The subject took a “natural bite size” of each of the five model 
biscuits, the remaining biscuit was weighed to determine the weight of material taken in the bite. The 
subject chewed to the point immediately prior to swallowing and expectorated into a container, which 
was immediately covered and weighed to determine moisture content in the bolus.  The bolus was 
transferred to a perspex cup, internal diameter 22mm, height 60mm, and levelled.  A stainless steel piston 
(diameter 17.6mm) mounted on the moving head of an Instron 5543 with 1000N load cell was brought 
into contact with the surface (a preload of 0.1N ensured contact) and the height of the bolus in the cup 
was determined.   
A modified TPA protocol as suggested by Peyron and Gierczynski [26] was used for testing the 
boluses from 5 replicates of each biscuit type.  Two consecutive thrusts of the piston, at a speed of 
100mm/min, to 80% of the height of the bolus were used. The data was used to determine: hardness, 
springiness, adhesiveness and cohesiveness as indicated in Figure 1.   
A back extrusion testing protocol was also used on 5 replicates of each biscuit type. Two thrusts of the 
piston, with stirring and levelling between thrusts, to 80% of the height of the bolus were used. Testing 
was carried out at two speeds (100mm/min and 200mm/min) in order to determine n, a dimensionless 
flow index, and K, a consistency coefficient using the methods described in [23] and summarised in 
equations 1, 1a and 2 [23].  Video of the extrusion of the bolus up the sides of the piston was captured 
throughout each TPA and back extrusion test. 
 
n = ln[(Fcb2/Fcb1)(L1/L2)] / [ln(Vp2/Vp1)]        (1) 
  
where  Fcb = force corrected for buoyancy (N) 
 Vp = plunger velocity (m/s) 
 L = length of rod immersed in fluid at completion of test 
 1,2 = thrusts 1 and 2 
 
Fcb = FT - UgLSa2        (1a) 
 
where a = rod radius (m) 
 U = fluid density (kg/m3) 
 g = gravitational acceleration (9.81 m/s2)   
  FT = force immediately before plunger is stopped (N) 
 
K = [(RFcbK)/(2O2SLRa)][(IR)/(VpK2)]n     (2) 
 
where R = cup radius 
 I = dimensionless flow rate (function of system) 
 K = a/R 
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O = dimensionless radius (function of system)
 
A single subject, female, 25 years old, with normal dentition and good oral health was used in all 
the tests. For this method development work a single subject was chosen to allow for more repetition, 
rather than account for variations in the general population.  
 
Fig 1.  Modified TPA testing of bolus in cup and piston. 
3.Results and Discussion 
The fracture stress of the batch of biscuits varied with recipe, as shown in Figure 2, an informal 
ranking of sensory “hardness” and “crunchiness” confirmed the samples were consistent with previous 
batches [25].  Increasing the sugar/fat ratio increased both sensory hardness and fracture  
stress. 
 
Fig 2. Fracture stress of biscuit recipes SP1-SP5 (increasing sugar fat ratio and sensory hardness) 
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3.1.General observations of the bolus 
The mass of biscuit in a natural bite size fell marginally as fracture stress/hardness of the biscuit 
increased.  This is slightly counterintuitive as the higher sugar/fat ratio biscuits were harder and 
somewhat denser than the lower sugar/fat ratio biscuits. If, as is reported [27], bite volume is consistent 
for an individual eating a single food, but varies with food type or geometry, this finding suggests that an 
individual might discriminate on expected texture.  The density of the bolus increased slightly with 
starting hardness (and starting density) suggesting some properties of the original biscuit are maintained.  
The period of mastication fell with increasing initial hardness of the biscuit, as the test subject reported 
longer “clearing times” with the “shorter” biscuit.  The percentage of saliva in the bolus did not vary 
significantly with starting biscuit hardness suggesting a certain moisture content needs to be attained prior 
to swallowing, in agreement with findings reported elsewhere [28].  Figure 3 summarises these general 
observations. 
 
 
Fig 3.  Bolus mass, density and saliva content related to starting fracture stress of the biscuit 
 
3.2.TPA measurements of bolus 
The properties of the bolus at the point of swallow were influenced by the formulation and/or texture of 
the biscuit at first bite.  As sugar/fat ratio increased, and the starting fracture stress of the biscuit 
increased, the adhesiveness of the bolus (as defined in Figure 1) at point of swallow increased.  The 
hardness of the bolus (as defined in Figure 1) decreased as sugar/fat ratio and fracture stress of the biscuit 
increased.  However, cohesiveness of the bolus appeared unaffected by the starting properties of the 
biscuit.  These findings are summarised in Figure 4; the implication is that a bolus, at point of swallow, 
needs to achieve a certain cohesiveness irrespective of starting texture of the food material, which accords 
well with other reported results [29].   
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Fig 4.  Relationship of hardness, cohesiveness and adhesiveness sugar/fat ratio of starting biscuit 
 
3.3.Back extrusion measurements of bolus  
Back extrusion measurements have been completed on 3 boluses (biscuit formulations: SP1, SP3 and 
SP5).  These measurements have been used to calculate flow index (n) and consistency coefficient (K) 
according to equations 1 and 2.  Table 2 summarises the values of n and K for each of the formulations 
tested.  The flow behaviour index, n, for each bolus is <1 indicating the bolus is shear thinning.  Saliva is 
a shear thinning fluid [6] so a bolus comprising solid particles in suspension with saliva is expected to be 
shear thinning. 
 
Table 2: Flow index (n) and consistency coefficient (K) 
Biscuit Sugar/fat ratio n K (Pa.sn) 
SP1 0.71 0.364 5640 
SP3 1.47 0.335 4720 
SP5 2.24 0.076 4290 
 
The consistency coefficient of the boluses is expected to be influenced by solid content [30] though 
particulate suspensions in saliva have been rarely addressed [31].  The consistency coefficient has 
previously been related to swallowing behaviour in thickened beverages [32] and is potentially vital when 
designing foods for consumers with swallowing dysfunction.  In the case of the model biscuits used in 
this study K varied with composition of the biscuit, apparent viscosity of the bolus reducing with 
increased sugar/fat ratio. 
4.Conclusions 
Techniques have been developed to quantify the impact of rheological parameters on swallowing 
behaviour.  A combination of modified TPA and back extrusion provide a comprehensive characterisation 
of the bolus at point of swallow.  Starting texture of a model food material based on biscuit appears to 
have an impact on bolus rheology in terms of adhesiveness and hardness but chewing to a consistent level 
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of cohesiveness appears to be the deciding factor on swallowing behaviour.  Saliva content appears to be 
a contributing factor as it, too, is constant at point of swallow. 
Acknowledgement 
This work was carried out as part of the New Zealand Foundation of Science, Research and 
Technology (FRST) program, Food Structure Platform, Contract number C02X0807. The financial 
support from the NZ FRST is gratefully acknowledged. 
References 
[1] Chen, J., 2009, Food Oral Processing- A Review. Food Hydrocolloids, 23(1), 1-25. 
[2] Bourne, M.C., 2002, Food Texture and Viscosity Concept and Measurement. 2nd ed. Food science and technology 
international series. 2002, San Diego: Academic Press. xvii, 427 p. 
[3] Stanley, D.W., 1994, Understanding the Materials Used in Foods -- Food Materials Science. Food Research International, 
27(2), 135-144. 
[4] Mioche, L.,  Peyron, M.A., 1995, Bite Force Displayed During Assessment of Hardness in Various Texture Contexts. 
Archives of Oral Biology, 40(5), 415-423. 
[5] Rosenthal, A.J., ed. 1999 Food Texture - Measurement and Perception. A Chapman & Hall food science book.  Aspen 
Publishers: Gaithersburg, Md. xiii, 311 p. 
[6] Bongaerts, J., Rossetti, D., Stokes, J., 2007, The Lubricating Properties of Human Whole Saliva. Tribology Letters, 
27(3), 277-287. 
[7]  Engelen, L., Fontijn-Tekamp, A., Van der Bilt, A., 2005, The Influence of Product and Oral Characteristics on 
Swallowing. Archives of Oral Biology, 50(8), 739-746. 
[8] Varela, P., Salvador, A., Fiszman, S., 2008, On the Assessment of Fracture in Brittle Foods: The Case of Roasted 
Almonds. Food Research International, 41(5), 544-551. 
[9] Okada, A., Honma, M., Nomura, S., Yamada, Y., 2007, Oral behavior from food intake until terminal swallow. 
Physiology & Behavior, 90(1), 172-179. 
[10] Szcesniak, A.S., 2002, Texture is a sensory property, Food Quality and Preference, 13(4), 215-225 
[11] Bourdel-Marchasson, I., 2010, How to Improve Nutritional Support in Geriatric Institutions, Journal of the American 
Medical Directors Association 11(1), 13-20 
[12] Vincent, J.F.V., 1994, Application of fracture mechanics to the texture of food, Engineering Failure Analysis, 11(5)  695-
704 
[13] Harker, F.R., Gunson, F.A., Hallett, I.C., De Silva, H.N., 2006, Instrumental measurement of apple texture: A comparison 
of the single-edge notched bend test and the penetrometer, Postharvest Biology and Technology, 39(2),  185-192 
[14] Pons, M., Fiszman, S.M., 1996, Instrumental texture profile analysis with particular reference to gelled systems Journal of 
Texture Studies 27 (6), 597-624  92 
[15] Veland, J.O., Torrissen, O.J., 1999 , The texture of Atlantic salmon (Salmo salar) muscle as measured instrumentally using 
TPA and Warner-Brazier shear test, Journal of the Science of Food and Agriculture 79(12), 1737-1746   
[16] Fik, M., Surwka, K., 2002, Effect of prebaking and frozen storage on the sensory quality and instrumental texture of bread, 
Journal of the Science of Food and Agriculture 82(11), 1268-1275 
[17] Duizer, L.M., James, B.J., Corrigan, V.K., Feng, J., Hedderley, D.I., Harker, F.R., Use of a panel knowledgeable in material 
science to study sensory perception of texture, Journal of Texture Studies, accepted for publication  
[18] Campanella, O.H., Peleg, M., 2002, Squeezing flow viscometry for nonelastic semiliquid foods - Theory and applications, 
Critical Reviews in Food Science and Nutrition, 42(3), 241-264 
[19] Corradini, M.G., Stern, V., Suwonsichon, T., Peleg, M., 2000, Squeezing flow of semi liquid foods between parallel Teflon 
coated plates Rheologica Acta 39(5), 452-460 
639Bryony James et al. / Procedia Food Science 1 (2011) 632 – 639
[20] Suwonsichon, T., Peleg, M., Imperfect squeezing flow viscometry of mustards with suspended particulates, Journal of Food 
Engineering 39(2), 217-226  
[21] Osorio, F.A., Steffe, J.F., 1991, Evaluating Herschel-Bulkley fluids with the back extrusion (annular pumping) technique, 
Rheologica Acta 30(6), 549-558 
[22] Dolan, K.D., Steffe, J.F., 1989, Back extrusion and simulation of viscosity development during starch gelatinization, 
Journal of Food Process Engineering 11(2), 79-101 
[23] Steffe, J.F., Osorio, F.A., Back extrusion of non-Newtonian fluids, Food Technology 41(3), 72-77 
[24] Sousa, M.B., Canet, W., Alvarez, M.D., Fernández, C., 2007, Effect of processing on the texture and sensory attributes of 
raspberry (cv. Heritage) and blackberry (cv. Thornfree), Journal of Food Engineering 78(1), 9-21 
[25] Kim, E. H-J., Corrigan, V., Waters, I., Wilson, A., Hedderley, D., Morgenstern, M.P., 2011, Fundamental fracture 
properties associated with sensory hardness of brittle solid foods Journal of Texture Studies, submitted 
[26] Peyron, M-A., Gierczynski, I., 2009, Use of texture profile analysis (TPA) test for a rheological characterisation of food 
bolus collected in the course of mastication, Proceedings of 5th International Symposium on Food Rheology and Structure, 15-18 
June, Zurich, Switzerland, 108-111 
[27] Hutchings, S.C., Bronlund, J.E., Lentle, R.G., Foster, K.D., Jones, J.R., Morgenstern, M.P., 2009, Variation of bite size 
with different types of food bars and implications for serving methods in mastication studies, Food Quality and Preference 20(6), 
456-460 
[28] Loret, C., Hartmann, C., Martin, C., 2009, Rheological and sensory characterisation of a swallowed food bolus, Proceedings 
of 5th International Symposium on Food Rheology and Structure, 15-18 June, Zurich, Switzerland, 70-73 
[29] Nagatomi, H., Yoshimine, M., Miura, H., Tanaka, Y., Arai, I., 2008, Multivariate analysis of the mechanical properties of 
boluses during mastication with the normal dentitions Journal of Medical and Dental Sciences 55(2),  197-206 
[30] Pksa, A., Apeland, J., Gronnerod, S., Magnus, E.-M., 2002, Comparison of the consistencies of cooked mashed potato 
prepared from seven varieties of potatoes Food Chemistry 76(3), 311-317 
[31] Gujral, H.S., Sodhi, N.S., 2002, Back extrusion properties of wheat porridge (Dalia) Journal of Food Engineering 52(1), 53-
56 
[32]  Germain, I., Dufresne, T., Ramaswamy, H.S., 2006, Rheological characterization of thickened beverages used in the 
treatment of dysphagia Journal of Food Engineering 73, 64–74 
 
 
Presented at ICEF11 (May 22-26, 2011 – Athens, Greece) as paper EPF255. 
